8 counter-selection as previously described (36). Double-recombinants were confirmed using 139 whole genome sequencing as described above. The Bauer Core Facility at Harvard University 140 performed all genome sequencing. 141
142

Colony expansion and coswarm assays and viable cell counts 143
Overnight cultures were normalized to OD 600 0.1 and swarm-permissive nutrient plates 144 supplemented with kanamycin were inoculated with one microliter of normalized culture. Plates 145 were incubated at 37 °C for 16 hours, and radii of actively migrating swarms were measured. 146
Additionally, widths of individual swarm rings within the swarm colonies were recorded. For 147 coswarm assays, strains were processed as described and mixed at a ratio of 1:1 where indicated. 148
For viable cell counts after 16 hours, actively migrating swarms were resuspended in six 149 milliliters of LB medium and 20 microliters of the cell suspension were used for a 10-fold 150 dilution series. A total of eight dilutions were prepared for each sample and 10 microliters of 151 each dilution were spotted onto LSW -agar supplemented with kanamycin. 152
For measuring viable cell counts over time, swarm plates were set up as above. Viable 153 cell counts at time point zero were determined by preparing a 10-fold dilution series of the 154 normalized overnight cultures and spotting 10 microliters of each dilution on LSW -agar plates 155 supplemented with kanamycin. Viable cell counts at time points two, four, six and eight hours 156 post-inoculation were determined by resuspending swarm colonies in one milliliter LB medium 157 and preparing 10-fold dilution series as described above. 10 microliters of each dilution were 158 spotted onto LSW -agar supplemented with kanamycin. Dilutions with countable numbers of 159 colonies were used to determine viable cell counts of swarm colonies. 160
161
Swimming assay 162
Overnight cultures were normalized to OD 600 0.1. An inoculation needle was used to inoculate 163 0.3% LB nutrient plates supplemented with kanamycin. Plates were incubated at 37 °C for nine 164 hours and diameters of swim colonies were measured. 165
166
Measuring generation times 167
Overnight cultures were normalized to OD 600 0.1 in LB medium supplemented with kanamycin. 168
Normalized cultures were grown overnight at 37 °C shaking periodically in a Tecan Infinite® 169 200 PRO microplate reader (Tecan, Männedorf, Switzerland) . Generation times were calculated 170 from logarithmic phase growth measurements. 171
172
Trichloroacetic acid precipitations, SDS-PAGE, western blots and LC-MS/MS 173
Trichloroacetic acid precipitations were performed as previously described (5). Samples were 174 normalized according to OD 600 of the liquid cultures at collection, separated by gel 175 electrophoresis using 12% Tris-tricine polyacrylamide gels, transferred onto 0.45-µm 176 nitrocellulose membranes, and probed with monoclonal rabbit-α-FLAG (Sigma-Aldrich, St. 177 Louis, MO) and mouse-α-σ 70 primary antibodies (Thermo Fisher Scientific, Waltham, MA), 178 followed by polyclonal goat-α-rabbit (KPL, Inc., Gaithersburg, MD) and goat-α-mouse 179 secondary antibodies (KPL, Inc., Gaithersburg, MD), respectively. Membranes were developed 180 with the Immun-Star HRP Substrate Kit (Bio-Rad Laboratories, Hercules, CA) and visualized 181 using a Chemidoc (Bio-Rad Laboratories, Hercules, CA). TIFF images were exported and 182 figures were made in Adobe Illustrator (Adobe Systems, San Jose, CA). 183
To detect secreted proteins in liquid supernatants by mass spectrometry, trichloroacetic acid 184 precipitations were performed as previously described (5 wild-type strain BB2000 (VR-BB) or from wild-type strain HI4320 (VR-HI). The ids operon, 215
including the genes for D and E, was maintained on a low-copy number plasmid under control of 216 the native promoter in the ∆ids strain, which is a BB2000-derived strain lacking the 217 chromosomal copy of the ids locus (2). This complemented Δids strain and its derivatives are the 218 standard tools for studying the Ids system (2, 5, 31). We observed that, after 16 hours on swarm-219 permissive agar, swarm colonies of a strain producing the cognate D VR-BB E VR-BB pair (CCS01) 220 expanded further than swarm colonies of strains producing the non-cognate D VR-HI E VR-BB 221 (CCS02) or D VR-BB E VR-HI (CCS03) pairs (Fig. 1A) . In contrast, a strain producing the cognate 222 D VR-HI E VR-HI pair (CCS04) showed recovered swarm expansion (Fig. 1A) . Differences in colony 223 expansion persisted even after 24 hours (Fig. 1B) . Thus, swarm colony expansion was restricted 224 when non-cognate D and E proteins are present. 225
Whether D and E contained cognate or non-cognate variable regions, however, had no 226 measurable effect on the number of swarm rings per colony (Fig. 1A) , on growth on surfaces 227 (Fig. 1C , Fig. 2A ), or growth in liquid (Fig. 2B ), suggesting that growth and swarm-related 228 developmental cycles were not impaired. Marginal differences in colony expansion during 229 12 swimming in low-percentage agar were observed between these strains (Fig. 1D) , and individual 230 cells of all four strains were capable of differentiating into elongated, actively moving swarmer 231 cells (Movie 1). Therefore, non-cognate D-E pairs do not appear to inhibit cell viability, 232 swimming motility, or swarm colony development; nevertheless, macroscopic swarm colony 233 expansion was impaired. We reasoned that this stark phenotype could be used to address the 234 outstanding question of how the Ids system communicates identity information between cells 235 within a colony. 236
237
D communicates identity between neighboring cells 238
There are two prevailing mechanistic models for where the causative in vivo interactions 239 between D and E may occur. D-E binding could happen between neighboring cells (Fig. 3A) or 240 within a single cell (Fig. 3B) . To distinguish between these models, we first examined whether D 241 export is necessary for its function. We used a ∆ids-derived strain deficient in T6SS-mediated 242 transport (CCS05). CCS05 carries a mutation in vipA; the encoded protein, VipA [T6SS_VipA 243 (PF05591)], is essential for export of T6SS-related factors (11, 42, 43) . To confirm loss of T6SS-244 mediated transport, IdsA [T6SS_Hcp (PF05638)] carrying a C-terminal FLAG epitope tag (5) 245 was introduced into CCS05. Export of Hcp homologs, such as IdsA, is a hallmark of T6SS-246 dependent protein transport and has often been used to evaluate T6SS activity (5, 8, 9, 11, 26, 247 44) . Further, the export of D, as well as IdsB, is dependent on a functional T6SS and has been 248 correlated with IdsA export (5). The export of IdsA-FLAG from the CCS05-derived strain was 249 markedly decreased as compared to that from the otherwise genetically equivalent strain 250 expressing wild-type vipA (Fig. 3C) . We then analyzed supernatants isolated from these strains 251 by LC-MS/MS and found that peptides corresponding to IdsB and D were absent in the CCS05-252 13 derived strain expressing mutant vipA as compared to the ∆ids-derived strain expressing wild-253 type vipA (Table 2) . These results indicate that CCS05 is deficient in T6SS-mediated export, 254 including the loss of IdsA, IdsB, and D transport. 255
We utilized CCS05-derived strains expressing different combinations of D and E variants, 256 as described in Figure 1 , as indicator strains to determine whether D is received from a 257 neighboring cell. We determined boundary formation phenotypes of these CCS05-derived strains 258 when swarmed against ∆ids-derived (export-active donor) strains that produced D and E proteins 259 either from strain BB2000 (D VR-BB E VR-BB ) or from strain HI4320 (D HI E HI ). These two export-260 active strains form a boundary against each other and are non-self (31). Swarming populations of 261 the CCS05-derived strains producing E VR-BB (and either D VR-BB or D VR-HI ) merged with the donor 262 strain producing D VR-BB E VR-BB and not with the donor strain producing D HI E HI (Fig. 3D) . 263
Conversely, CCS05-derived strains producing E VR-HI (and either D VR-BB or D VR-HI ) merged with 264 the donor strain producing D HI E HI (Fig. 3D) . In all cases, the D variant produced by the CCS05-265 derived, export-inactive strain did not affect the outcome (Fig. 3D) . Thus the identities of the D 266 variant in the donor strain and of the E variant in the export-inactive CCS05-derived strain 267 correlated with whether populations merged or formed a boundary. 268
Given these data, the observed impairment in swarm colony expansion of CCS02 and 269 CCS03, which are the strains producing non-cognate D and E proteins (Fig. 1A) , could be 270 explained by the presence of unbound D in recipient cells (Fig. 3A) . If so, then a similar defect 271 would be expected for strains lacking E since, in a clonal population, every cell could export as 272 well as receive D and would have no E to bind it. We constructed a ∆ids-derived strain 273 complemented with an ids operon that lacks the gene encoding E (CCS06) to test this hypothesis. 274 CCS06 swarms displayed colony expansion similar to that of CCS02 and CCS03 (Fig. 4A) . 275 14 CCS06 did not exhibit defects in swarm rings per colony (Fig. 4A) , growth on surfaces ( Fig. 2A) , 276 or growth in liquid (Fig. 2B) . Therefore, the presence of unbound D indeed impaired swarm 277 colony expansion. 278
The question remained, however, whether D exchange between cells is crucial for this 279 inhibition of swarm colony expansion or whether unbound, self-produced D could also affect this 280 self-recognition behavior. Therefore, we examined the swarm colony expansion of export-281 inactive, CCS05-derived cells lacking E. In this strain, cells contain self-produced D but cannot 282 export D, i.e., cells do not contain transferred D. This strain exhibited a rescued swarm colony 283 expansion phenotype (Fig. 4A ). Together these results support the hypothesis that D is exported 284 and that it is transferred between cells (Fig. 3A) . Moreover, transferred, unbound D in recipient 285 cells, rather than self-produced D, appears to impair swarm colony expansion. 286
287
Interactions between transferred D and resident E impact swarm colony expansion 288
We hypothesized that the transfer of D might be sufficient to induce impaired swarm colony 289 expansion. We interrogated this hypothesis by examining the swarm colony expansion of 1:1 290 mixtures of two strains, resulting in coswarms. Strain CCS06 (lacking E) was coswarmed with 291 the nearly isogenic CCS05-derived recipient strain lacking both E and a functional T6SS. We 292 observed a 1.75-fold decrease in expansion of the coswarm colony as compared to that of a 293 monoculture swarm of the recipient strain (Fig. 4A) , indicating that transfer of D to recipient 294 cells restricted swarm colony expansion. 295
We further hypothesized that transfer of D and its resulting binding state with E in the 296 recipient cell determines whether swarm colony expansion is restricted or not. Therefore, we 297 used CCS06 as a donor of D VR-BB in 1:1 mixtures with CCS05-derived (export-inactive recipient) 298 strains that produced either E VR-BB , which binds D VR-BB , or E VR-HI , which cannot bind D VR-BB . All 299 coswarms were compared to monoculture swarms of the recipient strain. In coswarms of CCS06 300 with the recipient strain producing D VR-BB and E VR-HI , a 3.12-fold reduction was observed (Fig.  301   4) . Likewise, a coswarm of CCS06 with the recipient strain producing D VR-HI and E VR-HI resulted 302 in a 3.35-fold reduction in colony expansion (Fig. 4) . By contrast, mixing CCS06 with the 303 recipient strain producing D VR-BB and E VR-BB resulted in marginal reduction of swarm colony 304 expansion (Fig. 4) . In sum, only marginal restriction appeared when the E variant in the recipient 305 strain is capable of binding D VR-BB from the donor strain. However, we observed a ~ 2 -3 fold 306 restriction in swarm colony expansion when E in the recipient strain is non-cognate to D VR-BB . 307
Thus communication of D from a donor to a recipient cell causes restricted swarm colony 308 expansion. Alleviation of this swarm restriction can be achieved by the presence of a cognate E 309 in the recipient cell. 310
During the course of observing monoclonal swarms, we unexpectedly noticed that the 311 production of E in recipient strains, regardless of whether a cognate D was produced, resulted in 312 a marked decrease of colony expansion (average = 2.3-fold) as compared to that for an otherwise 313 identical strain that lacked E (Fig. 4A) . These results raise the possibility that independently of D, 314 E itself contributes to repression of swarm colony expansion. 315
316
Discussion 317
Here, we have addressed unresolved questions regarding the communication of Ids proteins 318 within a colony of swarming P. mirabilis. We have shown that the self-identity protein D is 319 communicated from one cell to another. We have also presented evidence that D from donor 320 cells likely interacts with E in recipient cells; lack of this interaction negatively impacts swarm 321 colony expansion, but not viability. Therefore, D might represent a class of non-lethal T6SS 322 effector proteins. 323
Based on the prominent T6SS models for effector/inhibitor pairs, it was expected that 324 unbound D, whether in donor or recipient cells, should suffice to act as an effector; however this 325 was not strictly observed since unbound D was only active in recipient cells. D might not be in a 326 folded or active state in the donor cell. Even more surprisingly, the presence of E in export-327 impaired cells appeared to have an inhibitory effect on colony expansion (Fig. 4A ). Together our 328 observations suggest that D and E regulate swarm colony expansion; the specific molecular 329 mechanisms, however, remain to be determined. 330
It is a bit perplexing that D is indeed communicated between cells in a T6SS-dependent 331 manner as D is over 100 kDa in size and contains two predicted transmembrane segments (31). 332
Many T6SS-exported effectors are under 50 kDa, and the inner Hcp tube comprising the channel 333 of many T6SSs has a width of 40 Å in multiple bacteria (8, (45) (46) (47) (48) . In fact, a variety of T6SS 334 effectors bind to the inside of the Hcp tube allowing them to be exported (44). The size of the P. 335 mirabilis T6SS pore has not been directly measured. Given D's large size, D might be 336 communicated via the T6SS by an alternative mechanism. For example, D might be exported out 337 of the donor cell in an unfolded state and then fold into its active state before or after being 338 received by the recipient cell. This would be consistent with the observation that D transfer is 339 required for its activity (Fig. 4A) . Clearly, the macromolecular states of D before, during, and 340 after transfer remain to be resolved to explain this transfer. 341
Microbial communities frequently exhibit cell-to-cell communication, in many cases 342 involving the exchange of information about kin group identity. Self versus non-self recognition 343 allows that certain group behaviors primarily occur between closely related individuals and/or 344 exclude non-kin cells from shared resources. Many of the mechanisms for the exchange of kin 345 group identity can be distinguished based on their contact-dependency or effects on viability. 346
Quorum sensing by which groups of bacteria can roughly assess cell population density is an 347 example of contact-independent recognition. In this case, kin group identity information is 348 encoded by the molecular structure of the quorum sensing molecule and its ability to bind its 349 protein receptor (49-52). However, as quorum sensing molecules are often diffusible across 350 membranes (53, 54), recognition events do not require physical contact between cells and can 351 occur over greater spatial distances than contact-dependent mechanisms. 352
By contrast, contact-dependent interactions are local. These recognition events usually 353 require cell-to-cell contact and can involve lethal attacks on non-kin members of the community. 354
For example, contact-dependent killing mechanisms have been described for antagonistic 355 interactions between species and even genera, e.g., T6SS-associated killing (8-10, 13, 14, 16-20, 356 27, 28) , and within a species, e.g., contact-dependent inhibition (CDI) (55) (56) (57) (58) (59) (60) (61) (62) . 
